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Extracellular inhibitors are commonly used in
development to modulate the activities of signalling
molecules. Direct visualisation in the Drosophila
embryo of Sog, a Dpp/Scw inhibitor, has now
revealed a graded distribution established by degra-
dation and endocytosis.
Signalling molecules control cell fate during
development and, to ensure correct cellular develop-
ment, signalling events must be tightly regulated. One
of the strategies by which this is achieved is for cells
to secrete an inhibitor, which modulates activity of the
signalling molecule [1]. One such extracellular inhibitor
is Short Gastrulation (Sog), which modulates signalling
by members of the bone morphogenetic protein (BMP)
family in the Drosophila embryo. Genetic evidence has
pointed to Sog acting at a distance from its site of
synthesis [2]. This has now been confirmed by
Srinivasan et al. [3], who have directly visualised the
distribution of Sog in the embryo and identified
proteins that regulate its distribution.
BMPs are secreted signalling molecules of the
transforming growth factor-β (TGF-β) superfamily
which control many aspects of development in verte-
brates and invertebrates [4]. For example, the BMPs
Decapentaplegic (Dpp) and Screw (Scw) are required
for dorsal-ventral patterning of the Drosophila embryo.
Although dpp is uniformly expressed throughout the
dorsal ectoderm (Figure 1A) and scw expression is
ubiquitous in the entire embryo, there is genetic evi-
dence for a Dpp/Scw activity gradient which patterns
the dorsal ectoderm of the embryo [2]. Peak levels of
Dpp/Scw specify the extraembryonic amnioserosa,
whereas lower levels of signalling specify dorsal
epidermis (Figure 1B). The Dpp/Scw gradient specifies
different thresholds of gene expression [5] by activat-
ing Smad transcription factors [2].
Sog is a secreted protein which is produced in the
presumptive neuroectoderm (Figure 1A), where it
inhibits Dpp signalling and thereby promotes neuroge-
nesis. In the dorsal ectoderm, Sog inhibits Dpp/Scw
signalling but, paradoxically, sog mutant embryos lack
amnioserosa, which as mentioned is dependent on
peak Dpp/Scw signalling [2]. It has been demonstrated
that Sog redistributes Dpp/Scw activity by locally
inhibiting Dpp/Scw signalling and enhancing it at a dis-
tance [6]. For this, Sog requires the action of two other
proteins that are produced in the dorsal ectoderm:
Twisted Gastrulation (Tsg) and Tolloid (Tld) [7–9]. It is
thought that Sog, Tsg, and Dpp form an inhibitory
complex which, by preventing binding of Dpp to its
receptors, promotes the diffusion of Dpp to dorsal
regions. Tld cleaves Sog when it is bound in this
complex, releasing free Dpp. If cleavage occurs near
the neuroectoderm, Dpp will be rebound by excess
uncleaved Sog (and Tsg), reforming the inhibitory
complex (Figure 1C). Far from the Sog source, however,
there will be little or no free Sog, so that when the
complex is cleaved, free Dpp will be able to bind to its
receptor and signal [9,10]. In the same way, Sog can
redistribute Scw signalling by forming a Sog–Scw
inhibitory complex which is cleaved by Tld [11].
Despite the accumulation of genetic evidence over
the years to support their existence, it is only recently
that extracellular gradients have been directly
visualised. Following on from visualisation of the
Drosophila Wingless (Wg) [12,13] and Dpp [14,15]
gradients, Srinivasan et al. [3] used antibody staining
to detect Sog protein in the Drosophila embryo. They
found that, in a wild-type embryo at the cellular blas-
toderm stage, high levels of Sog protein are present in
the neuroectoderm, the site of sog expression. Low
levels of Sog protein are present in the dorsal epider-
mis and its distribution is graded, with higher levels
near the neuroectoderm and progressively lower
levels dorsally (Figure 1C). Sog is also present at low
levels in the ventral mesoderm.
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Figure 1. Drosophila embryo expression patterns and tissues.
(A) Schematic view of a blastoderm stage embryo (anterior to
the left, dorsal up) showing the presumptive mesoderm (red),
the neuroectoderm (blue) where sog is expressed, and the
dorsal ectoderm (green) where dpp, tld and tsg are expressed.
scw is uniformly expressed throughout the embryo (not shown).
(B) Schematic cross section through the embryo showing the
presumptive mesoderm, neuroectoderm, dorsal epidermis and
amnioserosa. (C) Representation of the Dpp/Scw activity gra-
dient which subdivides the dorsal ectoderm into amnioserosa,
in response to peak Dpp/Scw signalling (dark green), and
dorsal epidermis in response to lower levels of signalling (light
green). The predicted status of Dpp, Tsg and Sog as com-
plexes or free molecules [9,10] at different locations in the
embryo is shown (see text for details). Sog may also form com-
plexes with Scw (not shown). The right panel represents Sog
protein levels as visualised by Srinivasan et al. [3] with darker
colours indicating higher protein concentrations.
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Srinivasan et al. [3] analysed Sog distribution in
various mutant embryos. Embryos lacking Dynamin, a
GTPase essential for clathrin-dependent endocytosis,
show elevated Sog dorsally, suggesting that Dynamin-
dependent endocytosis retrieves Sog for degradation.
In support of this, in wild-type embryos a proportion
of Sog staining is in punctate intracellular structures.
In the absence of Dynamin, Sog accumulates around
the perimeter of cells but not within the cytoplasm.
Endocytosis is only required for Sog degradation and
not its movement, as Sog accumulates dorsally in the
absence of Dynamin.
According to the model [9,10] described above, Tld
cleaves complexed Sog (Figure 1C) and, near the
neuroectoderm, repeated cycles of cleavage and
reformation of the complex with a free Sog molecule
can occur, resulting in increased Sog degradation.
The model therefore predicts that Tld activity lowers
the amount of Sog protein in the dorsal ectoderm. In
support of this, Sog protein was found to accumulate
dorsally in embryos lacking Tld. A similar, but less 
pronounced, effect is observed in the absence of 
the related protease Tolkin (Tok), and both Tld and
Tok function to degrade Sog. Endocytosis and cleavage
appear to be independent mechanisms for Sog degra-
dation, as double mutant embryos lacking Tld and
Dynamin have more Sog in the dorsal epidermis than
either single mutant.
If formation of Sog inhibitory complexes is a
mechanism for Tld/Tok-dependent Sog degradation,
then preventing complex formation, for example by
removing Dpp or Scw, should increase Sog levels
dorsally. Sog does indeed accumulate in the dorsal
epidermis in dpp– embryos, but scw mutants have a
wild-type Sog distribution [3]. These results suggest
that, in vivo, Dpp is an essential cofactor required for
Tld-dependent Sog cleavage, whereas Scw is not. As
Tld is thought to cleave Sog–Tsg–Dpp complexes,
then removing Tsg should increase Sog to similar
levels seen in dpp– embryos. However, tsg mutants
have a wild-type Sog distribution.
Srinivasan et al. [3] interpret these findings as evi-
dence that, in vivo, Tsg is not an essential cofactor
required for Tld-dependent Sog cleavage. There is,
however, in vitro and in vivo evidence which suggests
that, in the absence of Tsg, Sog does not bind Dpp
[9]. Sog and Tsg interact in vitro [16], so perhaps
another function of Tsg is to promote Sog diffusion.
Alternatively, Tsg could protect Sog from endocytosis
by forming a complex with it, so that in tsg mutants
the excess Sog would be free and retrieved by endo-
cytosis.
In summary, Tld/Tok cleavage and endocytosis
limit Sog levels in the dorsal ectoderm. Endocytosis
targets Sog for degradation, presumably via a lyso-
somal compartment. After Tld cleavage, in the
amnioserosa Dpp can bind to its receptor (Figure 2A),
whereas in the dorsal epidermis Dpp is more likely to
rebind Sog (Figure 2B). Upon Dpp binding to its
receptor, it is possible that receptor-mediated endo-
cytosis takes Dpp to another intracellular compart-
ment where signalling occurs. Support for the latter
possibility comes from studies on SARA, an adaptor
protein that recruits the Smad transcription factors to
TGF-β receptors upon ligand binding. SARA and 
the receptors are localised to specific vesicle com-
partments in the cytoplasm of tissue culture cells [17],
which may be the sites of Smad activation.
Recent studies have highlighted intracellular trans-
port as an important control point for signalling path-
ways. In the Drosophila wing disk, receptor-mediated
endocytosis is necessary for Dpp movement across
cells and the long-range Dpp gradient may be estab-
lished by balancing recycling and degradation of Dpp
[16]. In the Drosophila embryo, the asymmetric Wg
distribution arises because of accelerated Wg degra-
dation in specific cells following endocytosis [13].
Regulated intracellular transport has also been impli-
cated in Hedgehog signalling [18], and endocytosis
has been shown to activate the Notch receptor during
Drosophila development [19]. The analysis of Sog
protein in the Drosophila embryo by Srinivasan et al.
[3] has revealed that Sog distribution is also regulated
by Dynamin-mediated endocytosis. It is clear that, in
addition to restricting the range of action of signalling
molecules, endocytosis can also limit the distribution
of an extracellular inhibitor.
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Figure 2. Model of Sog/Dpp interactions.
(A) In the amnioserosa, Tld (or Tok) cleaves Sog–Tsg–Dpp
complexes, and the liberated Dpp  binds to its receptor,
leading to Smad activation. Smad activation may occur in a
specific vesicle (represented by an orange circle and question
mark). The low level of free Sog protein is degraded by endo-
cytosis presumably via a lysosomal compartment (purple
circle). (B) In the dorsal epidermis, cleavage of the
Sog–Tsg–Dpp complexes releases Dpp which can be rebound
by Sog and Tsg. This is favoured as the levels of Sog (or
perhaps Sog–Tsg) are high. Endocytosis serves to limit the
amount of free Sog by degradation.
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